Picoplanktonic prasinophytes are well represented in culture collections and marine samples. In order to better characterize this ecologically important group, we compared the phylogenetic diversity of picoplanktonic prasinophyte strains available at the Roscoff Culture Collection (RCC) and that of nuclear SSU rDNA sequences from environmental clone libraries obtained from oceanic and coastal ecosystems. Among the 570 strains avalaible, 91 belonged to prasinophytes, 65 were partially sequenced, and we obtained the entire SSU rDNA sequence for a selection of 14 strains. Within the 18 available environmental clone libraries, the prasinophytes accounted for 12% of the total number of clones retrieved (142 partial sequences in total), and we selected 9 clones to obtain entire SSU rDNA sequence. Using this approach, we obtained a subsequent genetic database that revealed the presence of seven independent lineages among prasinophytes, including a novel clade (clade VII). This new clade groups the genus Picocystis, two unidentified coccoid strains, and 4 environmental sequences. For each of these seven lineages, at least one representative is available in culture. The three picoplanktonic genera Ostreococcus, Micromonas, and Bathycoccus (order Mamiellales), were the best represented prasinophytes both in cultures and genetic libraries. SSU rDNA phylogenetic analyses suggest that the genus Bathycoccus forms a very homogeneous group. In contrast, the genera Micromonas and Ostreococcus turned out to be quite complex, consisting of three and four independent lineages, respectively. This report of the overall diversity of picoeukaryotic prasinophytes reveals a group of ecologically important and diverse marine microorganims that are well represented by isolated cultures.
Picoplanktonic prasinophytes are well represented in culture collections and marine samples. In order to better characterize this ecologically important group, we compared the phylogenetic diversity of picoplanktonic prasinophyte strains available at the Roscoff Culture Collection (RCC) and that of nuclear SSU rDNA sequences from environmental clone libraries obtained from oceanic and coastal ecosystems. Among the 570 strains avalaible, 91 belonged to prasinophytes, 65 were partially sequenced, and we obtained the entire SSU rDNA sequence for a selection of 14 strains. Within the 18 available environmental clone libraries, the prasinophytes accounted for 12% of the total number of clones retrieved (142 partial sequences in total), and we selected 9 clones to obtain entire SSU rDNA sequence. Using this approach, we obtained a subsequent genetic database that revealed the presence of seven independent lineages among prasinophytes, including a novel clade (clade VII). This new clade groups the genus Picocystis, two unidentified coccoid strains, and 4 environmental sequences. For each of these seven lineages, at least one representative is available in culture. The three picoplanktonic genera Ostreococcus, Micromonas, and Bathycoccus (order Mamiellales), were the best represented prasinophytes both in cultures and genetic libraries. SSU rDNA phylogenetic analyses suggest that the genus Bathycoccus forms a very homogeneous group. In contrast, the genera Micromonas and Ostreococcus turned out to be quite complex, consisting of three and four independent lineages, respectively. This report of the overall diversity of picoeukaryotic prasinophytes reveals a group of ecologically important and diverse marine microorganims that are well represented by isolated cultures.
ORIGINAL PAPER Introduction
The separation of the Prasinophyceae from the rest of the green algae was first based on studies carried out with the light microscopy (reviewed by Chadefaud 1977 , see also Christensen 1966 . Additional important characters, such as the scaly coverage on flagella and cell body of many prasinophyceans, were added later by electron microscope investigations (see the pioneering study of Manton and Parke 1960) . Since then, ultrastructural details like scales and flagellar hairs have been widely used to separate taxa (Marin et al. 1993; Melkonian 1990; Moestrup and Throndsen 1988; Sym and Pienaar 1993) . Nevertheless, the taxonomical view of the class Prasinophyceae has profoundly changed in the last few years, with the description of several species presenting unusual morphological and pigment features. Some species lack flagella (e.g. Bathycoccus prasinos), others lack scales (e.g. Micromonas pusilla), and in some cases, both flagella and scales are missing (e.g. Pycnococcus provasolii, Ostreococcus tauri, Prasinococcus capsulatus, Prasinoderma coloniale, Prasinococcus capsulatus, and Picocystis salinarum). Combined with these morphological heterogeneities, extremely complex assemblages of accessory pigments have been described in this group (Egeland et al. 1997) , with three different pigment types resulting from different proposed biosynthetic routes. Members of the order Mamiellales, for instance, belong to the Type 3 pigment group, characterized by the specific presence of carotenoids from the prasinoxanthin and uriolide series. Based upon these biochemical features, most coccoid species (i.e. without scales and flagella) were initially placed in this order. Genetic data, however, do not agree with this placement. Phylogenetic studies based upon the SSU rDNA gene have clearly demonstrated that the Prasinophyceae is a paraphyletic group (Steinkötter et al. 1994) . At least six different clades have been defined, which emerge within the basal part of the Chlorophyta (Fawley et al. 2000; Nakayama et al. 1998) . In fact, coccoid species lacking scales and containing Type 3 pigments appear in several distinct lineages. To date, there is no single morphological or biochemical character to unify these six clades. Thus, the term prasinophytes has been preferred to Prasinophyceae for scaly green flagellates by some authors (Marin and Melkonian 1999; Melkonian and Surek 1995; Nakayama et al. 1998; Steinkötter et al. 1994) , although the class Prasinophyceae is still in use in recent papers that either introduce new taxa (Daugbjerg 2000; Moro et al. 2002; Sym and Pienaar 1999; Throndsen and Zingone 1997) or investigate phylogenetic relationships (Fawley et al. 2000; Nakayama et al. 2000; Zingone et al. 2002) . In the present paper, we will use conservatively the term prasinophytes, awaiting a new definition of the Class Prasinophyceae.
Numerous prasinophytes are very small and belong to the picoplanktonic fraction, i.e. organisms with a diameter of less than 3 µm (Stockner and Antia 1986) . The smallest free-living eukaryote described to date is the tiny prasinophyte O. tauri, with a cell diameter of less than 1 µm (Chrétiennot-Dinet et al. 1995; Courties et al. 1994) . The ubiquity and abundance of prasinophytes within the picoplanktonic size class in marine waters have been demonstrated by electron microscopy, pigment analyses or, more recently, by direct gene sequencing of natural samples. The early work of Johnson and Sieburth (1982) proved their ubiquity in marine samples. Electron microscope sections revealed the presence of a coccoid prasinophyte recognizable by its scaly covering later identified as Bathycoccus prasinos (0.5 to 1.0 µm in diameter) and of Micromonas pusilla (1 to 1.5 µm in diameter) identified by its peculiar mucronate flagellum. In the following years, numerous uncharacterized picoplanktonic green algae, most of them possessing neither scales nor flagella, have been identified based on their plastid organization from different parts of the world, at times reaching high concentrations (Joint and Pipe 1984; Silver et al. 1986; Takahashi and Hori 1984) . Further evidence of the importance of picoplanktonic green algae has been provided by pigment analyses. Large amounts of chlorophyll b (chl b) are generally measured by HPLC within the picoplanktonic fraction in many different oceanic and coastal ecosystems (Everitt et al. 1990; Peeken 1997; Rodríguez et al. 2003) . However, since other accompanying carotenoid normally found in green algae (prasinoxanthin or lutein for example) occur only at low abundance in natural samples, the organisms that are responsible for such large amounts of chl b remain elusive.
Genetic tools based upon the amplification and sequencing of genes directly from natural samples provide a new and powerful way to analyze the diversity of the picoplankton. Recent work based on the nuclear SSU rDNA and plastidial psbA genes (Díez et al. 2001; Moon-van der Staay et al. 2001; Zeidner et al. 2003) revealed the presence of a large number of sequences from prasinophytes in oceanic waters; whereas, other chl b-containing lineages, such as the Chlorophyceae, Trebouxiophyceae, and Chlorarachniophyceae were, in general, absent. Sequences recovered from natural samples generally show little similarity to culture se-quences deposited in GenBank. For instance, Moon-van der Staay et al. (2001) obtained two environmental sequences from the equatorial Pacific that formed a completely new clade within the prasinophytes. The most widespread SSU rDNA operational taxonomic unit (OTU) recovered by Díez et al. (2001) from the Mediterranean Sea and Antarctica, named ME1-2, had only 96.8% similarity to its closest relative, Mantoniella squamata. However, very few strains of picoplanktonic prasinophytes have been sequenced to date. For example, the SSU rDNA sequences (for which the most complete database is available) of key taxa such as the Bathycoccus prasinos were not available, and only one Micromonas pusilla strain had been sequenced. Isolating, sequencing, and describing representatives of the picoplanktonic prasinophytes was therefore necessary in order to increase our knowledge of this key algal class.
In this study, we have combined different approaches. First, we screened the Roscoff Culture Collection (RCC) that currently includes about 570 strains of marine cyanobacteria and microalgae with a strong emphasis on picoplankton (Vaulot et al. in press) . Some strains representative of the picoplanktonic prasinophytes, such as Pycnococcus provasolii, Pseudoscourfieldia marina, Bathycoccus prasinos, Micromonas spp., and Ostreococcus spp. as well as some undescribed ones, were selected. Their SSU rDNA gene was completely sequenced. Second, we also characterized the morphology of some strains previously cited in the literature for which only the SSU rDNA sequence was available. For instance, we analyzed the morphology of strains CCMP 1407 and CCMP 1220 that were placed by their SSU rDNA gene sequences within the two distinct new coccoid lineages described by Fawley et al. (2000) . Third, we analyzed a set of environmental SSU rDNA clones affiliated to the prasinophytes from both oceanic and coastal environments. Our work has led to the establishment of a more comprehensive overview of the phylogeny of the marine members of prasinophytes, which is found to encompass seven different clades, each one possessing cultured representatives.
Results
Our first step was to obtain an extensive data set of prasinophyte SSU rDNA sequences both from cultures and from environmental clone libraries. Among the 570 strains maintained by the Roscoff Culture Collection (RCC), 91 belong to the prasinophytes. All strains were first screened by light microscopy and, when necessary, by transmission electron microscopy (TEM). In a second step, partial nuclear SSU rDNA sequences (about 500 bp) were obtained for 65 selected strains either directly from PCR products or, in most cases, after cloning the PCR amplified gene. In a third step, these partial sequences were used to select 14 strains, for which the complete SSU rDNA sequence was determined (Table 1) . Among these 14 strains, four were initially cloned because their purity was doubtful (BLA77, RCC 434, RCC 356, and RCC 287) . When the cloned DNA was restricted with HaeIII, RCC 434 and RCC 287 gave a single RFLP pattern. Based upon partial SSU rDNA sequences, BLA77 was mixed with a diatom. This prasinophyte is now lost. Concerning RCC 356, four different RFLP patterns were retrieved. These clones differed by 1 to 4 nucleotides over 500 bp. We selected a clone representative of the most frequent RFLP pattern and sequenced its entire SSU rDNA. Additionally, three more strains (CCMP 1407, CCMP 1220, and CCMP 489) were characterized by electron microscopy since their SSU rDNA sequence was already available in GenBank, but no detailed morphological analysis had been performed until now.
Among nuclear SSU rDNA clone libraries from various oceanic and coastal environments (Table 2) , the prasinophytes account for 12% of the total number of clones (142 partial sequences), constituting the most represented green alga group (Table 2) . Other chl b-containing clades are only detected in some libraries from Blanes (Mediterranean Sea), 2 clones closely related to the Trebouxiophyceae species Nannochlorum eucaryotum (96.3% identity, as determined by BLAST search) and 9 belonging to the Chlorarachniophyceae (between 93 to 98% identity). Prasinophyte clones are detected from oceanic, coastal, and estuarine libraries in similar proportion (15%, 11%, and 19% of the total number of clones, respectively). In some specific cases, the percentage of prasinophytes is higher, either in coastal libraries such as in Roscoff (English Channel) during springtime or in oceanic libraries such as those from the Mediterranean Sea (25% of the total number of clones) and Antarctica (33% of the total number of clones). From this data set, we selected 9 partial clones and obtained complete SSU rDNA sequences for them.
Using the resulting data set of full length prasinophyte SSU rDNA sequences (62 sequences, Table  3 ), phylogenetic analyses were performed. The new sequences added in this study confirm that the prasinophytes are not monophyletic. Our phylogenetic analyses support the existence of seven clades within this algal class (Fig. 1) . Clades I to VI Clade I is a well-supported clade, mostly composed of nanoplanktonic species belonging to the order Pyramimonadales. One environmental sequence (BL010625.18), obtained from a Blanes library from June 2001, is closely related to Pyramimonas. This sequence shares, however, less than 97% similarity with its closest relatives Pyramimonas propulsa, Pyramimonas australis, Pyramimonas olivacea, and Pyramimonas parkae. Some species of Pyramimonas are very small, such as Pyramimonas virginica Pennick measuring 2.7-3.5 × 1.9-2.4 µm and Pyramimonas obvata Carter measuring 4 × 5 µm, but their SSU rDNA are not available. These cells can probably pass through a 3 µm filter. Furthermore, more species remain probably to be described (McFadden et al. 1986) .
Clade III includes the genus Nephroselmis and strain RCC 499 ( Fig. 2A and B) which has a SSU rDNA sequence identical to that of Nephroselmis pyriformis (strain MBIC 11099). RCC 499 possesses also typical morphological features of Nephroselmis pyriformis.
Clade IV is exclusively composed of members of the order Chlorodendrales, containing two genera: Tetraselmis and Scherffelia. The genus Tetraselmis is not monophyletic in our analyses, composed of Strains morphologically characterized in this study. c Sequences from MBIC (not deposited in GenBank), available at http://seasquirt.mbio.co.jp/mbic/ two clades separated by a sequence of Scherffelia dubia. Our sequences are allied with two free-living Tetraselmis (MBIC 11125 and RCC 500) and strains similar in size and shape to descriptions of Tetraselmis cordiformis that have been described as symbionts of radiolarians (Gast et al. 2000) . The environmental sequence BL010625.1 differs only by one nucleotide from strain RCC 500 ( Fig. 2C and D (Butcher 1959) , and no picoplanktonic species has been described until now. Our strain varied between 4 and 8 µm (Table 1) .
Clade V is composed of members of the family Pycnococcaceae (Guillard) Fawley belonging to the order Pseudoscourfieldiales. It contains sequences of Pycnococcus provasolii Guillard and Pseudoscourfieldia marina that are nearly identical (99.1 to 99.8% similarity). These two species may represent different growth forms or alternate life-cycle stages of the same organism (Fawley et al. 1999) . In fact, sequence differences may be attributed to sequencing errors or to the presence of different copies of the SSU rRNA gene within the same strain. As an example, the two sequences AF122888 and AJ132619, that differ by 3 bases, correspond in fact to the same strain (K-0017).
RCC 244 (Pycnococcus provasolii) is very small (1-3 µm) and coccoid, without scales or flagellum (not shown). Pseudoscourfieldia marina (RCC 261) has two flagella, is covered by different types of scales, and is larger (3-5.3 µm, Fig. 2E ). Both flagella have hairscales (Fig. 2F ). An inclusion of the mitochondrion is visible inside the plastid (Fig. 2G) . No environmental sequences have been obtained for this clade, although Pseudoscourfieldia is common in dilution cultures from coastal areas.
Clade VI was described by Fawley et al. (2000) . Strain CCMP 1202 was identified by Sieburth et al. (1999) as Prasinococcus capsulatus. Two additional strains belonging to this clade are characterized in the present study. CCMP 1407 presents the general characteristics of Prasinococcus capsulatus described by Miyashita et al. (1993) . Cells are spherical and covered by a thick gelatinous matrix (Fig. 3A) . The mitochondrion presents thin invaginations inside the pyrenoid (Fig. 3B) . A decapore is present, located at the opposite side of the pyrenoid (Fig.  3C) . Prasinococcus is somewhat larger than picoplankton, measuring 3.5 to 5.2 µm. CCMP 1220 was tentatively characterized as Prasinococcus capsulatus by Sieburth et al. (1999) based on pigment type and surface antigens. However, we found that this strain resembles more closely the genus Prasinoderma (Hasegawa et al. 1996) . The cells are spherical, without scales, and surrounded by one or more layers of cell walls (Fig. 3D) . A single mitochondrion, a nucleus, and a Golgi apparatus are located in the center of the cell, enclosed within the two lobes of the chloroplast. A pyrenoid is situated close to the mitochondrion. Asexual reproduction is achieved by unequal binary fission in which one of the daughter cells retains the parent wall, while the other is released with a newly produced cell wall (Fig. 3D) . No environmental sequences have been obtained for this clade.
Clade VII is a new group, composed of three different lineages labeled A, B, and C. Monophyly of Clade VII is well supported by ML and bootstrap analysis with NJ (Fig. 1) . These three lineages are also grouped together by MP, but with a low bootstrap value (52%). It is possible that this clade will split into separate lineages as more sequences become available in the future. Lineage A contains two environmental sequences from oceanic (OLI11059 from the equatorial Pacific) and coastal (RA001219-46 from Roscoff) ecosystems and two cultured strains (RCC 287 and CCMP 1205). Both strains are coccoid, without scales (see Fig. 4A and 4B for RCC 287). Pigments of RCC 287 are typical for green algae, with lutein, zeaxanthin, violaxanthin, and neoxanthin as major carotenoids (Latasa et al. in prep) . Lineage B is composed by two environmental sequences from the equatorial Pacific (OLI11305 and OLI11345). Lineage C is composed by the recently described species Picocystis salinarum, isolated from a saline lake of California (Lewin et al. 2000) .
Clade II corresponds to the order Mamiellales. A very large fraction of environmental sequences and cultured strains belong to this clade (78% of the total number of "green" clones, 131 clones in total for all libraries). Representatives from the Mamiellales form the dominant clade in all environmental libraries with the exception of the equatorial Pacific and one library from Blanes (June 2001). In the latter two cases, no Mamiellales sequences were detected, and other prasinophyte groups are present (Pyramimonadales for Blanes and Clade VII for the equatorial Pacific). The monophyly of the Mamiellales is well supported by all phylogenetic analyses (Fig. 1) . Clade II is composed of three different subclades including (1) Crustomastix and Dolichomastix in the basal part, (2) the two non-flagellated genera Ostreococcus and Bathycoccus, and (3) four flagellated genera: Mamiella, Mantoniella, Micromonas, and the new genus represented by isolate RCC 391 (Fig. 1 ). All these genera have scales, except for Ostreococcus and Micromonas. The basal position of Crustomastix and Dolichomastix within the Mamiellales confirms the work of Zingone et al. (2002) . Partial sequences available from environmental libraries and strains in culture provide a broad overview of the diversity of picoplanktonic species within this clade (Fig. 5) . With the exception of one sequence that is closely related to Mantoniella (ANT37-3), all other sequences group with three genera: Bathycoccus (33 clones), Ostreococcus (24 clones), and Micromonas (66 clones). Bathycoccus and Ostreococcus are sister taxa in all the phylogenetic analyses (Fig. 5) . Bathycoccus is a very homogeneous clade, characterized by little divergent sequences. For example, sequences from the Mediterranean Sea and the English Channel are almost identical (generally only 1 to 2 bases difference). The two strains isolated in culture (ALMO2 and BLA77), and since lost, were very similar and corresponded to the general description of Bathycoccus prasinos. Both are non-motile organisms, covered by one type of circular scales with radiating and concentric ribs, forming a spider web-like structure (Fig. 6A) . The cells contain one nucleus, one mitochondrion, and a Golgi body. The chloroplast is single and a starch grain can be present (results not shown).
The genus Ostreococcus is more diverse and composed of four different clades. For each of these groups, cultured isolates are available. Clade A is composed of environmental sequences originating from the English Channel and strains obtained in culture from the same site (RCC 356), Moroccan upwelling (RCC 344), and Pacific Ocean (MBIC 10636). Clade B is composed of two strains, RCC 393 and RCC 143, and one environmental sequence from Blanes. Clade C is composed of the type species Ostreococcus tauri, originating from the Thau Lagoon, Mediterranean coast, France, and one environmental sequence from Roscoff (RA000412.150). Finally, Clade D is composed of a single strain, RCC 501, isolated from the Mediterranean Sea. Ostreococcus clade A possesses the largest number of environmental sequences. One strain isolated on 12 April 2000 from Roscoff (RCC 356 clone 1) has a sequence identical to several environmental clones retrieved from the same sample on the same date. The different SSU rDNA clones retrieved from the RCC 356 isolate are placed in the same Clade A. Nucleotide differences vary from 1 to 2 (clones 7 and 8) up to 5 (clone 6). Most of these differences can be attributed to probable PCR and sequencing errors, since they are located in very conserved regions of the SSU rDNA gene. All Ostreococcus isolates (strains RCC 356, RCC 393, RCC 143, and RCC 501) are coccoid, small (less than 2 µm), non-motile, naked (no cell wall or scaly covering), and contain one chloroplast, one nucleus, one mitochondrion, and one Golgi body (Fig. 6B) . A starch grain may be present in the chloroplast.
The genus Micromonas turns out to be quite complex, consisting of three independant lineages (Fig. 5) . Clade A is relatively homogeneous genetically and composed of environmental sequences originating from Roscoff and the Atlantic Ocean. It is represented by strain CCMP 489 collected from the Sargasso Sea and identified by H. A. Thomsen as Micromonas pusilla. (http://ccmp.bigelow.org and Fig. 6C ). Clade B is more heterogeneous genetically and composed of environmental sequences originating from Blanes, Roscoff, the Antarctic, and the Mediterranean Sea. One representative culture, RCC 434, was isolated from Blanes. This strain alternates between flagellate and non-motile morphologies. The flagellate form cannot be distinguished from Micromonas pusilla (Fig. 6D ). Clade C is composed of environmental sequences from Roscoff and from strain CCMP 490, which was isolated from the North Atlantic, and displays the typical morphological features of Micromonas pusilla (Fig. 6E) . Its swimming behavior was precisely described by Manton and Parke (1960) . The cells swim rapidly, then frequently move in circles for a while, and then change direction. Flagellate cells belonging to the three clades A, B, and C, present the same swimming behavior.
Finally, a strain corresponding to a new genus has also been isolated (RCC 391). The cells have two flagella and swim like Mamiella. The cell body and flagella are covered by scales (Fig. 6F) . The cells contain one nucleus, one mitochondrion, and one Golgi body. The single chloroplast has a pyrenoid (Fig. 6G) .
Sequences from the ME1 genetic library (Díez et al. 2001) are not included in the phylogenetic analysis shown in Fig. 5 because the sequences available covered a different region of the SSU rDNA gene. However, comparison to full length sequences indicates that ME1-1 is closely related to Ostreococcus (the exact Ostreococcus clade is uncertain), ME1-2 to RCC 434 (clade B, Micromonas), and ME1-3 to Bathycoccus.
Discussion
In many cases, the image of the microbial diversity provided by isolated cultures vs. direct gene sequencing from natural samples is quite divergent, as exemplified by the pioneering work of Giovannoni et al. (1990) . However, this is not the case for the prasinophytes. In fact, for each clade containing environmental sequences (with the exception of Clade VIIB, which is only composed of two environmental sequences from the equatorial Pacific), one isolate is available in culture. This contrasts to what has been recently established for other eukaryotic groups, such as the novel alveolates and novel stramenopiles, for which many clades are only known from their environmental sequences (Díez et al. 2001; López-García et al. 2001; Moon-van der Staay et al. 2001) . Culture conditions used for phytoplankton appear to be particularly efficient in order to isolate members of the prasinophytes and which turned out to be even more diverse in culture than in genetic libraries. As an example, Pycnococcus provasolii, which was initially isolated from the western North Atlantic Ocean and the Gulf of Mexico (Guillard et al. 1991) , was also isolated during this work from the Mediterranean Sea, and more recently, from Roscoff. However, we could not find any environmental sequence belonging to Clade V from Roscoff, even after the analysis of seven genetic libraries generated from samples taken at different times of the year. In addition, we also isolated completely new taxa, such as RCC 391 or RCC 287 which is closely related to CCMP 1205 in Clade VIIA, a new genus that will be formally described in a separate paper. Therefore, isolation efforts must continue because they are still providing novel information about eukaryotic species richness.
Among picoplanktonic prasinophytes, we found that Micromonas, Bathycoccus and Ostreococcus, belonging to the Mamiellales, were the most common genera both in genetic libraries and among isolates, which is in agreement with previously published work. The ubiquity of Micromonas pusilla was demonstrated some years ago by serial dilution cultures of natural samples (Throndsen 1976) . This very small green alga was detected at concentrations between 1 and 10 cells ml -1 in oceanic ecosystems, such as the Caribbean Sea, the Sargasso Sea, the equatorial Pacific Ocean, and the Western North Pacific (Furuya and Marumo 1983; Throndsen 1976) , between 10 and 10 3 cells ml -1 in Arctic waters (Throndsen 1970) , and between 10 3 and 10 4 cells ml -1 in several coastal areas, such as the Norwegian coast, the Gulf of Naples, the Barents Sea, and the Fraser River plume in the Strait of Georgia (Harrison et al. 1991; Throndsen 1976; Throndsen and Kristiansen 1991; Zingone et al. 1999 ). This tiny species can be recognized from the presence of a characteristic flagellum with a short, wide base and a long, thin distal end, and its particular swimming behavior (Manton and Parke 1960). Our phylogenetic analyses demonstrate the heterogeneity within this genus, composed of at least of three groups that cannot be distinguished by their morphology or swimming behavior. Environmental sequences suggest that different groups may co-occur within the same sample, such as in Roscoff in April 2000, when clones belonging to the three different groups were retrieved. Group B, represented by strain RCC 434, was the most abundant OTU (named ME1-2) in the five oceanic libraries analyzed by Díez et al. (2001) . Genetic heterogeneity within Micromonas pusillalike strains may explain genetic heterogeneity among viruses specific to this species (Cottrell and Suttle 1991) or differences in cross-reactivity of immunofluorescence assays using specific antibodies (Shapiro et al. 1989) . Another member of the Mamiellales that was well represented in our genetic libraries is Bathycoccus prasinos, also observed by TEM by Johnson and Sieburth (1982) in field samples. In addition, it has been observed in samples from the coast of Norway and the Barents Sea. The genus Ostreococcus also provided very interesting results. The species O. tauri was initially isolated and described from the Thau Lagoon, on the French Mediterranean coast (Courties et al. 1994) . We found that this genus is not only widely distributed, but also more diverse genetically than realized before. It encompasses at least four different groups, which are impossible to distinguish based on ultrastructural features alone. From an ecological point of view, it is well known that O. tauri can be a successful competitor in certain environments. For example, it represents, on average, 30% of the total photosynthetic biomass of the Thau Lagoon throughout the year (Vaquer et al. 1996) .
Ostreococcus, Micromonas, and Bathycoccus are three successful genera with several features in common. First, they belong to the same order and clade (Mamiellales, Clade II). Second, they contain the same complex assemblage of accessory pigments, namely MgDVP (Mg 2,4 divinyl-phaeoporphyrin a 5 monomethyl ester), prasinoxanthin, uriolide, micromonal, dihydrolutein, lutein, zeaxanthin, violaxanthin, and neoxanthin (Latasa et al. in prep) . These pigments are in fact shared by all Mamiellales, with the exception of the unusual genus Crustomastix (Zingone et al. 2002) . The main light-harvesting carotenoid in Mamiellales appears to be prasinoxanthin. The other xanthophylls could play important roles in photoprotective and light-harvesting processes, regulating photosynthesis under fluctuating light conditions (Böhme et al. 2002) . Third, Micromonas (1.0-3.0 × 0.75-2 µm), Bathycoccus (1.5-2.5 × 1.0-2.0 µm), and Ostreococcus (0.6-2.8 × 0.6-2.4 µm) are all very small, which may confer an ecological advantage to acquire nutrients since their surface to volume ratio is larger (Raven 1986) .
Large amounts of chl b are generally measured both in oceanic and coastal waters (Higgins and Mackey 2000; Peeken 1997; Rodríguez et al. 2002 Rodríguez et al. , 2003 Suzuki et al. 2002) . This chl b could be attributed to members of prasinophytes, Chlorophyceae, Trebouxiophyceae, Chlorarachniophyceae, Euglenophyceae, and to the coccoid cyanobacterium Prochlorococcus. By using mathematical algorithms such as CHEMTAX (Mackey et al. 1996) , the relative contribution of each phytoplankton group to chl a can be estimated. However, these groups do not correspond exactly to taxonomic classes since they are defined based on specific marker pigments. Some pigments are really specific for a single taxonomic entity, such as the DV chl a and b for Prochlorococcus spp., prasinoxanthin and uriolide for the prasinophytes (pigment type III), and lutein for all other green algae (Mackey et al. 1998 ). However, some are found across several unrelated classes (e.g. zeaxanthin). Moreover, pigment ratios used in the CHEMTAX algorithms still must be calibrated since they are based on the analyses of a limited number of strains isolated in culture. For instance, a large variability of the prasinoxanthin to chl a ratio has been observed within the genus Micromonas, e.g. 0.13 for the strain RCC 434 (Latasa et al. in prep) and 0.61 for another strain (Zingone et al. 2002) . Moreover these pigment ratios vary widely with environmental conditions, and values in the field may fall outside the range observed in culture.
Environmental analyses by HPLC have provided contrasting results for the pigments related to the prasinophytes. In some oceanic and coastal waters, prasinoxanthin (and consequently, the number of species representing the Mamiellales, Clade V, and Clade VI) is low (Andersen et al. 1996; Higgins and Mackey 2000; Letelier et al. 1993) , whereas in other studies, prasinoxanthin is much more abundant (Rodríguez et al. 2003; Suzuki et al. 2002) . Dominance of Mamiellales species in all marine environments must be taken with precaution. Species of clades lacking prasinoxanthin, such as the Pyramimonadales (Clade I) or the Clade VII may be also abundant in some cases (Bird and Karl 1991; Rodríguez et al. 2002) . Absence of Mamiellales species was observed twice in the genetic libraries analyzed in this paper (in the equatorial Pacific where clones belonging to Clade VII dominated and in Blanes, where Pyramimonas was present). HPLC pigment data from the equatorial Pacific sample indicate that prasinoxanthin was below the limit of detection, despite relatively high concentration of chl b (H. Claustre, unpublished data). Interestingly, high concentration of chl b and virtual absence of prasinoxanthin have also been reported several times from the central and western equatorial Pacific (Bidigare and Ondrusek 1996; Everitt et al. 1990; Higgins and Mackey 2000) . In contrast, in congruence with clone libraries, the Mamiellales was the major group quantified by fluorescent in situ hybridization from Roscoff between July 2000 and September 2001, and prasinoxanthin was found to be high in the smallest size fraction (0.2 to 3 µm) throughout the year at this station (Not et al. submitted) .
Prasinophytes are important components of the picophytoplankton. The large number of clades among major genera, such as Micromonas or Ostreococcus, may also result from the existence of different ecotypes. These ecotypes, as it was demonstrated for the oceanic cyanobacterium Prochlorococcus (Moore et al. 1998) , may exhibit specific adaptations to environmental conditions (such as light, temperature, or salinity), which could help to understand their geographical distribution. Prasinophytes offer also the special advantage of being easy to culture, and constitute interesting models that could be used to understand better the evolution of photosynthetic lineages, including land plants. The best example is probably provided by Ostreococcus tauri, which possesses the smallest genome described among free-living eukaryotes with a very compact organization (Derelle et al. 2002) . The availability of its full sequence in the near future should prompt many studies linking genotype and ecotype as is the case for Prochlorococcus (Dufresne et al. 2003; Rocap et al. 2003) .
Methods
Origin of the strains and culture conditions: Strains listed in Table 1 were used for several purposes (phylogenetic analyses, morphological analyses, or both). Most of these strains were selected from the Roscoff Culture Collection (RCC, Roscoff, France, http://www.sb-roscoff.fr/Phyto/ collect.html). Others were obtained from the Provasoli-Guillard National Center for Culture of Marine Phytoplankton (CCMP 489, CCMP 490, CCMP 1407, and CCMP 1220) . All these strains are maintained at 19-20 °C under a 12:12 h LD (Light: Dark) regime ( (Guillard and Ryther 1962) , whereas all the other strains grow in K medium (Keller et al. 1987) . All RCC strains (except for BLA77 and ALMO 02 that have been lost subsequently) are freely available.
Selection of prasinophyte strains within the RCC: Strains were selected as follows: (1) We prescreened strains by light microscopy and whole mount observations done by transmission electronic microscopy (TEM, see protocol below); (2) Strains of special interest or strains that could not be recognized based upon morphological characters were partially sequenced. For that, DNA was extracted by a classical CTAB protocol (Doyle and Doyle 1987) . The entire SSU rDNA gene was amplified using the eukaryotic primers Euk 328f (5′-ACC TGG TTG ATC CTG CCA G-3′) and Euk 329r (5′-TGA TCC TTC YGC AGG TTC AC-3′) as described in Moon-van der Staay et al. (2001) . In most cases, we then cloned the PCR products using the TOPO TA cloning kit (Invitrogen) following the manufacturer's recommendations. Genetic polymorphism was then assessed by analyzing several clones (usually 10) by RFLP (Díez et al. 2001) . For that, the entire SSU rDNA amplified by PCR was digested with 1 U µl -1 of the restriction enzyme HaeIII (Gibco BRL) for 6 to 12 h at 37 °C. The digested products were separated by electrophoresis at 80 V for 2 to 3 h on a 2.5% low-melting-point agarose gel. Partial sequences of PCR products or of clones representative of each RFLP pattern obtained were determined by Qiagen Genomics Sequencing Services, using the internal primer Euk 528f (5′-GCG GTA ATT CCA GCT CCA A-3′; Elwood et al. 1985) ; (3) All these partial sequences were then compared with sequences available in GenBank as well as with environmental sequences (see below) by a quick phylogenetic analysis (see below). At least, one strain by phylogenetic clade was selected and the entire nuclear SSU rDNA was sequenced (Qiagen Genomics Sequencing Services).
Environmental clone libraries: Sequences analyzed in this study represent a selection of clones that were extracted from 18 clones libraries either already published or submitted in separate papers (see Table 2 ). Information on sampling procedures, clone library construction, and analyses is available in the corresponding papers. Information regarding location, date, prefiltration, screening of the clones, and a brief analysis of the clone composition in each library appears in Table 2 . For coastal genetic libraries (Roscoff and Blanes), only partial sequences were initially available. Based on a quick phylogenetic analysis (see below), a subset of clones were selected for full length sequencing (Qiagen Genomics Sequencing Services), in order to obtain at least one environmental sequence per clade.
TEM: Whole-mounts were prepared by placing a drop of the culture on a carbon-and formvar-coated grid. The drop was allowed to dry on the grid and was subsequently rinsed in distilled water. The whole-mounts were shadowed with gold-palladium using an Edward's speedivac 12 E6 coating unit, angle ca. 30 or contrasted for 20 min in uranyle acetate. Thin sections were prepared as described in Guillou et al. (1999) , except for Figures 4A, 4B , 6B, and 6G, for which the following protocol was used: fixation in glutaraldehyde for 2 h, rinsing 3 × 30 min in medium and 2 × 10 min in 0.1 M Na cacodylate buffer (pH 8), post-fixing in 1% osmium tetroxide and 1.5 % ferricyanide in 0.1M Na cacodylate buffer for 3 h, rinsing 3 × 15 min in Na cacodylate buffer and 2 × 10 min in distilled water. Dehydration was accomplished in an ethanol series starting at 30% and gradually rising to 96%. The dehydration was concluded with 4 × 10 min in 100% ethanol and 2 × 10 min in propylene oxide. The pellets were left over night in a 1:1 mixture of propylene oxide and Epon embedding resin. Finally, the cells were transferred 3 × 1 h in Epon before polymerization at 50 °C for 12 h. The thin-sections were contrasted in lead citrate. Thin sections and whole-mounts were viewed in a Jeol 1200ex at the laboratories for Biosciences, Department of Biology, University of Oslo.
Phylogenetic analyses: Sequences of different green algae were compared using three different phylogenetic analyses: maximum parsimony (MP), neighbor joining (NJ), and maximum likelihood (ML). Cyanophora paradoxa (Glaucocystophyceae), Pavlova gyrans (Prymnesiophyceae), and Phaeocystis globosa (Prymnesiophyceae) were used to root the trees. Sequences were aligned automatically using CLUSTALW, and the alignment was refined by hand using the BioEdit sequence editor (http://www.mbio.ncsu.edu/BioEdit/bioedit.html). Hypervariable regions (Helix 6, 9, E10-1, E21-1, E21-3, E21-3, 41 and 43) were realigned using Mfold (http://bioweb.pasteur.fr/seqanal/interfaces/ mfold-simple.html). The alignment is available at http://www.sb-roscoff.fr/Phyto/Databases/ index.php3. Poorly aligned positions and divergent regions were eliminated using Gblocks (Castresana 2000) using the following parameters: minimum length of a block = 5, allowed gap positions = half. Gaps were treated as missing characters. Different nested models of DNA substitution and associated parameters were estimated using Modeltest 3.0 (Posada and Crandall 1998). These parameters were used to process the NJ and ML. A heuristic search procedure using the tree bisection/reconnection branch swapping algorithm (settings as in MP) was performed to find the optimal ML tree topology. NJ, MP, and ML were done using the PAUP*4.0b10 version (Swofford 2002) . Bootstrap values for NJ and MP were estimated from 1,000 replicates. For MP, the number of rearrangements was limited to 5,000 for each bootstrap replicate. The starting trees was obtained by randomized stepwise addition (number of replicates = 20).
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